ABSTRACT R Coronae Borealis (RCB) stars are hydrogen-deficient, carbon-rich pulsating post-AGB stars that experience massive irregular declines in brightness caused by circumstellar dust formation. The mechanism of dust formation around RCB stars is not well understood. It has been proposed that CO molecules play an important role in cooling the circumstellar gas so that dust may form. We report on a survey for CO in a sample of RCB stars. We obtained H-and K-band spectra including the first and second overtone CO bands for eight RCB stars, the RCB-like star, DY Per and the final-helium-flash star, FG Sge. The first and second overtone CO bands were detected in the cooler (T ef f <6000 K) RCB stars, Z Umi, ES Aql, SV Sge and DY Per. The bands are not present in the warmer (T ef f >6000 K) RCB stars, R CrB, RY Sgr, SU Tau, XX Cam. In addition, first overtone bands are seen in FG Sge, a final-helium-flash star that is in an RCB-like phase at present. Effective temperatures of the eight RCB stars range from 4000 to 7250 K. The observed photospheric CO absorption bands were compared to line-blanketed model spectra of RCB stars. As predicted by the models, the CO bands are strongest in the coolest RCB stars and not present in the warmest. No correlation was found between the presence or strength of the CO bands and dust formation activity in the stars.
Introduction
R Coronae Borealis (RCB) stars are a small group of hydrogen-deficient, carbon-rich stars that have supergiant sizes. Since the discovery of the prototype, R CrB, in 1795, about 50 RCB stars have been identified in the Galaxy and the Magellanic Clouds (Clayton 1996; Alcock et al. 2001; Tisserand et al. 2004) . The major defining characteristic of RCB stars is their unusual variabilitythey undergo massive declines of up to 8 magnitudes at irregular intervals. The stars will typically stay at minimum light for weeks or months, before recovering to maximum brightness. Formation of carbon-rich dust clouds is widely accepted as the cause of declines (Loreta 1934; O'Keefe 1939) . It is thought that amorphous carbon dust condenses into patchy clouds around the star, causing deep declines when a cloud forms along the line of sight, eclipsing the star (Clayton 1996) . In addition to massive declines, RCB stars also experience pulsation-induced smaller-scale variations (∼0.1 mag) at regular intervals on the order of 40-100 days (Lawson & Kilkenny 1996) .
Evidence from polarization observations, geometrical considerations, and decline timescales indicates that dust forms close to the photosphere (Whitney et al. 1992; Clayton 1996 ). Yet effective temperatures of the stars range from 4,000 to 20,000 K creating an environment thought to be too hot for dust grain nucleation to occur. Thus, a cooling mechanism must exist that enables near-photosphere dust condensation. One suggestion is that low-temperature pockets in RCB atmospheres are created by shock-induced non-equilibrium conditions resulting from pulsations (Goeres & Sedlmayr 1992; Woitke, Goeres & Sedlmayr 1996) . In addition, the frequently mentioned 1500 K dust condensation temperature is based on solar conditions, where H is abundant. Dust condensation temperature increases with the C/H ratio (Donn 1967) . RCB stars have C/H ratios that are 10-50 times greater than the solar ratio resulting in a dust condensation temperature that is likely to be higher than 1500 K.
It has also been suggested that CO may have a role in triggering dust formation (Clayton 1996; Woitke et al. 1996) . CO has a large dissociation energy. In an environment where carbon is significantly more abundant than oxygen, such as in RCB atmospheres, almost all molecularlybonded oxygen atoms exist in the form of CO, making it the most abundant polar molecule by two orders of magnitude (Woitke et al. 1996) . In high abundance, CO dominates radiative heating and cooling. When combined with pulsation-induced density and temperature changes, an environment suited for dust formation may exist in a CO-rich cloud.
Until now, the only published detection of CO in RCB stars was at UV wavelengths, in the form of the A-X 4th positive system absorption bands (Clayton et al. 1999; Clayton & Ayres 2001) . V854 Cen shows strong UV CO bands, while in RY Sgr, the bands are present but much weaker. Clayton et al. (1999) conclude that the weak features seen in the spectrum of RY Sgr are probably characteristic of the normal atmospheric abundance of CO outside of dust formation events. Unsuccessful searches for IR vibration-rotation bands of CO have been made in RCB stars, including R CrB and RY Sgr (Wilson, Schwartz, & Epstein 1973; Zuckerman et al. 1978; Knapp et al. 1982; Lambert 1986; Zuckerman & Dyck 1986; Wannier et al. 1990; Rao et al. 1991 ). Lambert (1986 reported that the hydrogen-deficient carbon star, HD 182040, shows CO absorption bands in the near-IR, while R CrB, itself, shows no evidence for CO bands. The first overtone bands of CO have been detected in the final-helium-flash stars, FG Sge and Sakurai's object (Hinkle, Joyce, & Smith 1995; Eyres et al. 1998) . In this paper, we report new observations of the first and second overtone CO bands in the H-and K-bands in RCB stars.
Observations and Reductions
Near-IR spectra were obtained of eight RCB stars and the RCB-like star, DY Per, between 1998 and 2001. The final-helium-flash star, FG Sge, which is in an RCB-like phase at present was also observed. The observations of the RCB stars and FG Sge are summarized in Table 1 . A majority of the spectra are K-band but also include some J-and H-band spectra. Most of the spectra were obtained at the Steward Observatory's 90-inch Bok telescope at Kitt Peak, Arizona, with FSpec, a cryogenic long-slit near-IR spectrometer utilizing a NICMOS3 256 x 256 array (Williams et al. 1993) . Two gratings were used, 300 and 600 lines mm −1 , giving resolving powers of ∼800 and 3000, respectively.
A few spectra were obtained using the NIRIS at the Shane 3-m telescope at Lick Observatory (Rudy, Puetter, & Mazuk 1999) . NIRIS uses two separate channels, divided at 1.38 µm by a beam splitter, to provide nearly continuous coverage between 0.8 and 2.5 µm. Each channel has its own collimator, grating, camera, and HgCdTe detector array. Within each channel the spectral resolution is nearly constant. A 2.7 ′′ slit width was used, resulting in a resolution of 16Å for the blue channel and 37Å for the red channel.
For both instruments, wavelength calibration was achieved by using features from arcs, telluric absorption features, and OH lines from the night sky. The observations were reduced by dividing the spectrum by that of a nearby solar-type comparison star to remove instrumental response and the effects of atmospheric absorption. Features intrinsic to the comparison star are removed using a solar spectrum but in any case, the region around 2.3 µm has little intrinsic absorption in the standard stars. The signal-to-noise ratio in the spectra is typically in the range 30-50. Figure 1 shows the NIRIS spectra covering the spectral range 0.8 -2.5 µm for SV Sge and ES Aql. The features marked are listed in Table 2 . The other stars in the sample have only Hand K-band spectra. They are plotted in Figure 2 with the exception of U Aqr. Its spectrum has a significantly lower S/N than the other stars. SU Tau, XX Cam, and U Aqr have only K-band spectra.
Results and Discussion
The spectra in Figure 1 , stretching from 0.8 to 2.5 µm, show vividly how prevalent carbon is in the spectra of RCB stars. It is well known from visible spectra that the Swan bands of C 2 , and the violet and red bands of CN are strongest in the coolest (∼5000 K) RCB stars (Clayton 1996; Alcock et al. 2001) . SV Sge and ES Aql both belong to the cool RCB stars and their molecular bands are strong throughout the spectral region covered. These are the first spectra covering such a wide spectral region from the red to the K-band for any RCB stars. A similar spectrum over the same wavelength region is shown by Sakurai's object, another final flash star. Its spectrum in 1997 was very similar to an RCB star but it has evolved since (Eyres et al. 1998; Geballe et al. 2002) . One important difference in the 1997 spectrum of Sakurai's object is the presence of 13 C which is not seen in any RCB star (Clayton 1996) . One of the key observations by which RCB stars can be distinguished from carbon stars is by 13 C (Clayton 1996; Alcock et al. 2001) . RCB stars show no isotopic 13 C molecular bands. Carbon stars show 13 CO bands as well as 12 CO (e.g., Lançon & Wood 2000; Förster Schreiber 2000) .
Higher resolution spectra of the H-and K-band spectral regions are shown in Figure 2 for six RCB stars, as well as for FG Sge and DY Per. In the K-band, the warm (>6500 K) RCB stars, R CrB, RY Sgr, SU Tau and XX Cam, show no sign of CO absorption, while the cool (<6000 K) RCB stars, SV Sge, ES Aql, and Z UMi, show strong absorption bands. U Aqr, not shown in Figure 2 , may have weak CO bands but the low S/N of its K-band spectrum prevents a definitive detection. The final-flash star, FG Sge, which has a T ef f ∼5500 K (Kipper & Klochkova 2001) , has significant CO bands, similar to the cool RCB stars. In the H-band, the data are noisier and sample fewer stars but the same behavior is seen. The cool stars, SV Sge and Z UMi show significant CO bands while the warm stars, R CrB and RY Sgr, do not. In this region, DY Per also shows CO bands but FG Sge does not.
The detection of CO in the RCB stars provides yet another similarity of FG Sge to this class of variable stars (Gonzalez et al. 1998 ). The CO bands are weaker in FG Sge than in the RCB stars with similar T ef f . There is no sign of 13 CO absorption but the 12 CO bands are relatively weak and the 13 CO bands would be weaker. DY Per represents a cool, slow-declining subclass of the RCB stars (Alcock et al. 2001; Keenan & Barnbaum 1997) . It also has strong CO absorption bands. DY Per shows 13 C in the Swan bands in the visible (Alcock et al. 2001) but there is no significant 13 CO absorption in the spectra presented here. It is not clear whether the DY Per and RCB stars are related. One hydrogen-deficent carbon star, HD 137613, shows strong isotopic bands of 12 C 18 O as well as 12 C 16 O (Clayton et al. 2005) . None of the stars in this study show similar strong isotopic bands although weak bands could be present.
As mentioned above, CO could have a pivotal role in the formation of dust around RCB stars (Clayton 1996; Woitke et al. 1996) . However, the detection of CO absorption in RCB stars is not necessarily an indication of dust formation. CO is present in the atmospheres of cool stars, including the Sun (e.g., Ayres & Rabin 1996) . The CO absorption bands can been seen in flux distributions constructed from model atmosphere calculations (Asplund et al. 1997 (Asplund et al. , 2000 . The models have the usual assumptions, i.e., constant flux, plane parallel atmosphere, in hydrostatic and local thermodynamic equilibrium, and use the same RCB star abundances as Asplund et al. (1997) . The model is a new version of the MARCS model atmosphere code which has full opacity sampling and line-blanketing, representing an improvement over that presented in Asplund et al. (1997) . For comparison with our spectra, we calculated a grid of models from T ef f =5000 to 7500 for both log g=0.5 and 1.5. There is very little difference seen in the strength of the CO absorption bands at a given T ef f between log g = 0.5 and 1.5. The models presented here are not spectrum synthesis calculations nor do they use individual abundances of the sample stars. We merely computed the opacity sampling fluxes from the models using the standard RCB star abundances for a grid of T ef f (Asplund et al. 1997) . We compare examples of these model flux distributions to observed spectra in Figure 3 . It can be seen that there is good qualitative agreement between the model and the observed spectra. In the models, strong CO bands are seen at 5000 K and progressively weaken as T ef f increases. No CO absorption is seen in models with T ef f = 6500, 7000 and 7500 K. Similarly, our sample RCB stars with T ef f >6500 K show no sign of CO bands. We plan to obtain higher S/N spectra with better spectral resolution of the RCB stars that can be used for synthesis modeling.
Variations in the strength of the CO bands correlated with the decline activity of an RCB star would be evidence of the role of CO in dust formation. Six stars in our sample were observed at least twice in the K-band. SV Sge has the best temporal coverage having K-band spectra obtained in 1998, 1999, 2000 and 2001 . The sample stars are all monitored by the AAVSO allowing us to correlate the strengths of CO bands with the dust formation activity of the stars. The observations were not timed to the decline activity of the sample stars but they include stars at both maximum light and in deep declines. For XX Cam and RY Sgr, both spectra were obtained at maximum light. XX Cam is the most inactive RCB star, not having had a decline for many years (Clayton 1996) . RY Sgr had a deep decline about a year after the CO observations. SU Tau was observed during a period of high activity. The first spectrum was obtained as it was recovering from one deep decline, and the second as it was in a subsequent deep decline. R CrB was also very active during the observation period. It was first observed while in a 4-magnitude decline and then at maximum light between two declines. DY Per was observed three times, all during declines. SV Sge was observed first during a recovery from a deep decline and then three times at maximum light. The last spectrum was obtained about 50 days before the onset of a deep decline. We measured the equivalent widths of the first overtone bands for these stars at each of the observed epochs. None of the stars showed variations greater than 20% in their CO absorption band strengths. Variations of that size are within the measurement uncertainty of the spectra.
These results are not definitive since the sampling was extremely sparse for any individual star. Nevertheless, no significant changes in the CO band strengths were seen in any sample star whether at maximum light or in a decline. The CO band strengths seen in the sample stars are consistent with the predictions from the atmosphere models at the corresponding T ef f . It should be noted that large changes in the strengths of C 2 and CN bands in the visible, do show significant changes due to temperature changes caused by pulsations in the RCB star atmospheres (Clayton et al. 1995) . No such variations are seen in the sparse data presented here for the near-IR CO bands.
Conclusions
A survey for CO in near-IR spectra of a small sample of RCB stars has been completed.
•We report the first detection in RCB stars of the CO first and second overtone bands in H-and K-band spectra. Strong CO absorption bands are seen in three cool (4000-5000 K) RCB stars while no bands were detected in four warm (6500-7250 K) RCB stars.
•The strengths of the CO absorption bands are strongly correlated with T ef f corresponding to the predictions of line-blanketed model atmospheres for the RCB stars.
•No temporal variations in the strength of the CO bands are seen during dust formation episodes in individual stars.
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